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The Enteric Nervous System (ENS) is a large network of enteric neurons and glia that
regulates various processes in the gastrointestinal tract including motility, local blood
flow, mucosal transport and secretion. The ENS is derived from stem cells coming
from the neural crest that migrate into and along the primitive gut. Defects in ENS
establishment cause enteric neuropathies, including Hirschsprung disease (HSCR),
which is characterized by an absence of enteric neural crest cells in the distal part of
the colon. In this review, we discuss the use of zebrafish as a model organism to study
the development of the ENS. The accessibility of the rapidly developing gut in zebrafish
embryos and larvae, enables in vivo visualization of ENS development, peristalsis and gut
transit. These properties make the zebrafish a highly suitable model to bring new insights
into ENS development, as well as in HSCR pathogenesis. Zebrafish have already proven
fruitful in studying ENS functionality and in the validation of novel HSCR risk genes.
With the rapid advancements in gene editing techniques and their unique properties,
research using zebrafish as a disease model, will further increase our understanding on
the genetics underlying HSCR, as well as possible treatment options for this disease.
Keywords: Hirschsprung disease, gut transit, CRISPR/Cas9, morpholino, functional genetics, drugscreen,
gastrointestinal system, zebrafish
THE MAMMALIAN ENS AND ITS ROLE IN HUMAN DISEASE
The gastrointestinal (GI) tract is the core digestive system in our body and has a central role
in the absorption of water and nutrients for energy provision. The GI tract is regulated by the
enteric nervous system (ENS), which is composed of neurons and glia. In humans, these cells form
ganglia along the wall of the GI tract, which are located in the myenteric and submucosal plexuses
(Figure 1) (Furness, 2009). The myenteric plexus, also called Auerbach’s plexus, lies between the
longitudinal and circular muscle layers, and regulates muscle contraction and relaxation needed
for peristalsis. The submucosal plexus, or Meissner’s plexus, is located between the circular muscle
layer and mucosa, and is needed for fluid uptake and secretion, blood flow and homeostasis. The
ENS is entirely derived from the neural crest (Furness, 2009). Specifically, neural crest cells (NCCs)
migrate from the hindbrain, the vagal region of the neural tube, into and along the entire length
of the GI tract (Le Douarin, 1982). A second contribution to the ENS arises from sacral NCCs that
seed the distal part of the GI tract with enteric ganglia. Such contribution has beenmostly studied in
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mouse and avian models, but is thought to be present in humans
as well (Orts Llorca, 1934; Gershon et al., 1993; Burns and
Douarin, 1998; Wallace and Burns, 2005; Wang et al., 2011).
Defects in ENS establishment in humans cause a wide range of
enteric neuropathies, including Hirschsprung disease (HSCR).
HSCR is one of the most common causes of life-threatening
intestinal obstruction in neonates. The prevalence of HSCR is
1 in 5.000 newborns, and it affects more males than females
(4:1) (Badner et al., 1990). HSCR is a complex genetic disorder
for which around two dozen genes have already been identified.
It can occur as part of a syndrome, with a mendelian mode
of inheritance, but more often in an isolated manner (Amiel
et al., 2008). In such cases, HSCR shows complex non-mendelian
patterns of inheritance where rare coding variants, pre-disposing
haplotypes, copy number variants and, one or more “risk genes”
with low penetrance, play a role (Amiel et al., 2008; Alves et al.,
2013). HSCR is characterized by the absence of enteric ganglia
in the distal part of the GI tract. As a consequence, perturbed
peristalsis of the aganglionic colon leads to failure to pass stool.
The current pathophysiological model is that failure of NCCs to
migrate, differentiate, proliferate or survive, thereby forming a
functional ENS network, results in HSCR.
ZEBRAFISH AS A MODEL ORGANISM FOR
DEVELOPMENTAL DISORDERS
Zebrafish are vertebrates often used for in vivo studies, because
they are relatively small in size and the embryonic and larval
development is ex utero and fast, since within 5 days post-
fertilization (dpf), all major organ systems are formed (Kimmel
et al., 1995). Zebrafish embryos are virtually transparent during
development, allowing visualization of internal organs in a non-
invasive way. This animal model has also high fecundity, and
one breeding pair gives on average, 200 eggs (Lieschke and
Currie, 2007). The zebrafish genome has been sequenced, is well
annotated and around 71.4% of human proteins have at least,
one zebrafish ortholog. This percentage seems to be even higher
(82%) for proteins involved in disease development (Howe et al.,
2013). Due to recent technical advances, including genome
editing, lineage tracing, optogenetics, and in vivo imaging, the
zebrafish gained popularity as a model for basic research, as
well as for disease modeling, in a wide variety of research topics
(Lieschke and Currie, 2007). Zebrafish have proven to be a
great tool to model human disease, in particular developmental
disorders that manifest in the fish within the first 5 days of
development. Moreover, large-scale drug- and genetic-screenings
can be relatively easily executed in zebrafish, which have a high
value for both diagnostic and therapeutic purposes (Horzmann
and Freeman, 2018; Paone et al., 2018; Vaz et al., 2018).
ZEBRAFISH AS A MODEL ORGANISM TO
STUDY THE ENS
Conserved Intestinal Organization in
Zebrafish
The intestinal architecture and anatomy of the zebrafish closely
resembles the one in mammals (Wallace et al., 2005; Lickwar
et al., 2017). The intestinal epithelium is folded irregularly
into ridges to enlarge the absorptive surface, an organization
somewhat reminiscent of the villous epithelium of mammals (Ng
et al., 2005; Wang et al., 2010). It is also rich in enterocytes,
goblet cells and enteroendocrine cells. However, the zebrafish
gut is simpler: it lacks crypts of Lieberkühn, a submucosal layer
and myenteric neurons are arranged as neuronal pairs or single
neurons, instead of clustered in ganglia (Figure 1) (Wallace et al.,
2005; Wang et al., 2010). The zebrafish gut undergoes rapid
development and at 5 dpf, the whole GI tract is functional
(Wallace and Pack, 2003). As in other vertebrates, the zebrafish
ENS is derived from the neural crest (Kelsh and Eisen, 2000).
Vagal NCCs migrate as two parallel chains of cells to colonize
the whole gut, and differentiate into enteric neurons and glia
(Shepherd et al., 2004). There is no evidence to support a sacral
NCC contribution to the ENS in zebrafish (Shepherd and Eisen,
2011). However, the zebrafish ENS is comparable to the mouse
and human ENS based on gene expression and functional studies
(Heanue and Pachnis, 2008; Roy-Carson et al., 2017). By 4 dpf,
regular anterograde and retrograde contractions of the intestine
occur and can be easily visualized (Holmberg et al., 2003).
The enteric innervation is already functional by 5 dpf, when
zebrafish larvae start feeding. Major neurotransmitters crucial for
gut motility in humans, such as serotonin (5-hydroxytryptamin,
5HT), neurokinin A (NKA), vasoactive intestinal polypeptide
(VIP), pituitary adenylate cyclase activating peptide (PACAP),
nitric oxide (NO) and calcitonin gene-related peptide (CGRP),
are also present in the adult zebrafish gut (Holmberg et al., 2004;
Olsson et al., 2008).
The zebrafish transcriptome of the developing ENS, has been
determined by bulk RNA sequencing of neural and non-neural
crest cells isolated from 7 dpf zebrafish intestines (Roy-Carson
et al., 2017). The results obtained showed expression in the
zebrafish ENS of known markers of the mammalian ENS, but
also revealed previously unidentified genes that are enriched
in the ENS. Importantly, this study showed the conserved
expression of neuronal genes such as, the ELAV like neuron-
specific RNA binding protein 3 (elavl3), chimerin 1 (chn1)
and synapsin 2a (syn2a), as well as subtype markers, such as
choline acetyltransferase a (chata), GABA receptor 1 (gabbr1)
and vasoactive intestinal peptide (vip). Also, the expression of
various HSCR-causing genes including the Rearranged during
transfection (ret), GDNF family receptor alpha 1 (gfra1) and
zinc finger E-box binding homeobox (zeb2), is conserved
(Roy-Carson et al., 2017). More recently, researchers started
to determine the neural crest transcriptome at a single-cell
resolution in late embryonic, to early larval stage (Howard
et al., 2020). They shed light on the transcriptomes of enteric
NCCs transforming into enteric neurons, and showed conserved
enteric programs (Lasrado et al., 2017; Howard et al., 2020).
Their data contain cells in a spectrum of differentiation
states, enabling the identification of five subclusters of enteric
neurons (Howard et al., 2020). For example, the onset of elavl3
expression reflects immature neurons, whereas the nos1+/vipb+
subpopulation represents cells further along a differentiation
trajectory. The zebrafish transcriptome shows overlap with the
human and mouse ENS single-cell transcriptome (Drokhlyansky
et al., 2020), for example, with regard to the presence of
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FIGURE 1 | Schematic representation of the GI tract in mammalians and zebrafish. (A) Schematic representation of the layers present in the GI tract of mammalians
and zebrafish. Zebrafish lack the muscularis mucosa and submucosal plexus. In addition, the enteric neurons are not organized in ganglia, but rather as individual
cells (Wallace and Pack, 2003). (B) Schematic representation of the mammalian (human) and the zebrafish digestive system. While the human GI tract is divided in
stomach, duodenum, jejenum, ileum and colon, the GI tract of the zebrafish is traditionally subdivided in three major components, rostral intestinal bulb, mid intestine
and posterior segment (Wang et al., 2010). A new division based on conserved transcriptional profiles has also been proposed, which is depicted by color alterations
and labels in regular font (Lickwar et al., 2017). Note that boundaries between sections should not necessarily be considered discrete. (C) Schematic representation of
ENS development in zebrafish showing that the NCCs depicted in green are first detected in the developing intestine around 32–36 h post-fertilization (hpf). NCCs
migrate in two parallel chains caudally, between 36 and 66–72 hpf. Starting rostrally, the NCCs start to migrate laterally to form a network. At 4 days post-fertilization
(dpf) the ENS network has been formed around the total length of the intestine. (D) Schematic representation of ENS development in mammals. Vagal NCCs colonize
the foregut at embryonic day (E)7-E9.5 in mice and gestational week (GW) 4 in humans. From E10.5, NCCs migrate caudally in various multicellular strands.
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various enteric neuronal subtypes. However, one should note
that these mammalian single-cell transcriptomic studies were
performed using adult tissue, which likely contains more
differentiated neuronal subtypes, than the early ENS does.
Nevertheless, these data showed that the zebrafish can offer
insights in the earliest specification of enteric neurons and
enteric neuronal subtypes, which will further increase our
understanding of the ENS development relevant to disease, such
as HSCR.
Visualization of Enteric Neurons
Detection of enteric neural crest cells (ENCCs) and enteric
neurons in zebrafish, is the vital first step to study ENS
development and defects herein. As zebrafish embryos and larvae
are transparent, transgenic reporter lines are used to visualize
and trace cells in living animals. These reporter lines are widely
used in the field and often have a cell-specific promoter or
regulatory element, that drives expression of a fluorophore
in the cells of interest. The Tg(−8.3phox2bb:keade)em2tg and
Tgbac(phox2bb:eGFP)w37tg reporter lines are frequently used by
us and are the most common ones to study the ENS, as they
mark all NCCs, including migrating ENCCs and differentiated
enteric neurons (Harrison et al., 2014; Boer et al., 2016)
(Figure 2A). Alternatively, NCCs and enteric neurons can be
labeled using the SAGFF234A gal4 enhancer trap line (Asakawa
and Kawakami, 2009), whereas the sox10 reporter line labels only
early progenitors (El-Nachef and Bronner, 2020), and the neural-
specific beta tubulin (NBT) promotor labels enteric neurons
but not NCCs (Peri and Nusslein-Volhard, 2008; Heanue et al.,
2016). Specific neuronal subsets can also be labeled using
neurotransmitter reporter lines, for example the chata reporter
line, in which differentiating enteric neurons are labeled (Nikaido
et al., 2018).
Recently, a rather non-conventional way to label enteric
neurons was developed by applying a local heat shock to
induce a genetic switch of the fluorophore expression, in
the zebrabow line (Pan et al., 2013; Kuwata et al., 2019).
The shock was applied at the dorsal vagal area of 13-14
hpf embryos, resulting in three different color combinations
of enteric neurons (Kuwata et al., 2019). With this method,
it was possible to distinguish individual enteric neurons and
trace them over extended periods of time. Kaede reporters
can also be used to track individual cells by photo-conversion.
However, the conversion is not permanent, limiting extended
live-imaging experiments.
In general, antibody availability for use in zebrafish is much
lower compared to the availability for mammalian samples.
Nevertheless, there are a number of antibodies that stain mainly
differentiated enteric neurons in larval and adult zebrafish, such
as antibodies against Elavl3/HuC/D, choline acetyltransferase
(ChAT), serotonin (5-HT), calretinin (CR), calbindin (CB),
tyrosine hydroxylase (TH), vasoactive intestinal peptide (VIP),
pituitary adenylate cyclase-activating peptide (PACAP) and
neuronal nitric oxide synthase (nNOS) (Uyttebroek et al., 2010,
2013). Such antibodies have been used to identify, at least
eight neuronal subtypes in zebrafish using combined staining
(Uyttebroek et al., 2010, 2013).
Zebrafish Enteric Glia
Until recently, not much was known about the presence of
enteric glia, the non-myelinating glia in the intestine. Enteric
glia are involved in intestinal motility and are thought to have
the capability to generate new enteric neurons and glia (Joseph
et al., 2011; Laranjeira et al., 2011; Grubisic et al., 2018).
Zebrafish enteric glia were first identified in the neuropil layer
containing glial cells and axons, using transmission electron
microscopy (TEM) in larval zebrafish at 7 and 18 dpf (Baker et al.,
2019). These enteric glia contained characteristic glial filaments,
with either a filamentous appearance or a less filamentous
appearance, distinguishing two types of enteric glia. The authors
also showed zebrafish Glial fibrillary acidic protein (Gfap)
immunohistochemistry staining where, enteric glia processes
largely form an inner layer separating neuronal axons from
the intestinal epithelium (Baker et al., 2019). However, another
report states that the observed Gfap staining likely represents
cross-reactivity, as it persisted in ret mutant larvae lacking
an ENS (McCallum et al., 2020). Moreover, they show that
zebrafish enteric glia do not seem to (highly) express the
canonical “glial markers” such as, the fatty acid binding protein
7 (Fabp7) and the S100 calcium-binding protein B (s100β).
Instead, they are reliably labeled in the Notch activity reporter
tg(her4.3:EGFP)y83Tg in larval and adult zebrafish. They also
show that, zebrafish enteric glia resemble mammalian enteric
glia based on their ultrastructural and general morphology,
gene expression and location. The her4.3+ cells were defined as
neural crest derived, post-migratory cells that retain proliferative
and neurogenic potential throughout life (McCallum et al.,
2020). An independent study, also reported the presence of
neurogenic precursors in adult zebrafish, that lack expression
of the canonical “glial marker” Gfap (El-Nachef and Bronner,
2020). They performed lineage tracing and found that these
enteric glia were not derived from the vagal neural crest, but
from the trunk neural crest, more specifically the Schwann
cell precursors (El-Nachef and Bronner, 2020). Thus, although
zebrafish enteric glia do not express the canonical “glial markers”
and Gfap immunohistochemistry might be unspecific for enteric
glia in zebrafish, a neurogenic progenitor population with enteric
glial characteristics seems to exist in this organism, opening new
avenues to study these progenitor cells and explore whether they
remain present in HSCR models (El-Nachef and Bronner, 2020;
McCallum et al., 2020).
Gut Motility in Zebrafish Larvae
Gut motility is controlled by the ENS and modulated by different
neurotransmitters. Therefore, measuring gut motility can be used
to assess the consequences of alterations in ENS development,
such as the ones leading to HSCR. Gut motility consists of
many features, which include: (1) standing contraction, in which
the food is mixed in the stomach; (2) peristaltic movements
in anterograde (mouth to anus) and retrograde (vomiting or
regurgitation) direction; and (3) phasic contraction of sphincters
(Olsson and Holmgren, 2001). In zebrafish, the erratic and
spontaneous contraction waves are noticed before the onset
of feeding (3 dpf), and later (4–7 dpf) distinct anterograde,
retrograde and rectal contractions are observed (Holmberg et al.,
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FIGURE 2 | The transparency of zebrafish larvae allows non-invasive visualization of enteric neurons (A), peristalsis (B), and gut transit (C). (A) Microscopy images of
Tg(phox2bb:GFP) zebrafish larvae at 5 dpf. Scale bar represents 500µm (top), 200µm (middle) and 50µm (bottom). (B) Still image of the zebrafish intestine (top) and
spatiotemporal map (STMap) of gut flow (bottom). Scale bar represents 200µm. (C) Microscopic images of Tg(phox2bb:GFP) zebrafish larvae fed with fluorescently
labeled food, showing typical intestinal transit and describing the transitional zone. Graphs showing phenotypical scoring of larvae directly after food intake (top graph)
and 16 h after food intake (bottom graph). Scale bar represents 200µm.
2003). Zebrafish lack a stomach, so the retrograde contractions
in the anterior intestine may take over the function of food
mixing (Figure 1). Retrograde and anterograde contractions
spread in both directions frommid intestine, to mainly transport
the food along the gut (Holmberg et al., 2003). Gut motility
patterns can be imaged in zebrafish larvae in vivo, and in a non-
invasive manner using real time video microscopy (Figure 2B;
Supplementary Video 1). The data obtained can be inferred
by spatiotemporal maps (STMaps) of gut flow (Figure 2B)
(Holmberg et al., 2007). Such approach has been sucessfully
used by us and others, to study gut motility (Holmberg et al.,
2004; Kuhlman and Eisen, 2007). A more sophisticated way
to analyze not only the temporal frequency of motility, but
also displacement along the anterior to posterior, and dorsal to
ventral axis, has been recently reported (Ganz et al., 2018). The
authors generated a quantitative approach to determine from
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the STMaps, the frequency and speed of peristaltic waves by
generating cross-correlation maps. Thereby, several parameters
such as, wave duration, wave speed and amplitude, were able to
be measured (Ganz et al., 2018).
Gut Transit Assay
The functional consequence of coordinated contractions of
the smooth muscle in the intestine, is regulated by the ENS.
In HSCR patients these contractions are impaired, leading
to a failure to pass stool. To measure gut transit, zebrafish
larvae are fed with normal larval feed mixed with fluorescent
microspheres. These microspheres are non-absorbable, non-
digestible and thus tractable, using fluorescent microscopy (Field
et al., 2009). Larvae typically exhibit inter-individual differences
in the feeding and ingest different amounts of food. Therefore,
a pre-sorting is warranted to reduce variability. To regulate
food intake in zebrafish, a microgavage method was established,
which uses a standardmicroinjection procedure of microspheres,
directly into the lumen of the anterior intestine of larvae
(Cocchiaro and Rawls, 2013). This reduces variability due to
differences in food intake, but increases the manual labor and
expertise required to perform this technique. In addition, the
throughput of an experiment will be limited by the number
of larvae that can be subjected to microgavage. After ingestion
or microgavage of the labeled food, larvae are screened under
the fluorescent microscope at different time points, for the
presence of fluorescent microspheres in the intestine. Transit
time can then be measured by expulsion of the fluorescent
beads (Figure 2C). Using this approach, we and others have
shown that the degree of enteric neurons loss in zebrafish larvae,
correlates with reduced intestinal transit, which is in line with the
phenotype presented by HSCR patients (Field et al., 2009; Bernier
et al., 2014).
A high throughput set-up to study gut transit time, was
recently developed in 7 dpf zebrafish (Cassar et al., 2018). After
feeding fluorescently labeled food, single larvae were placed in a
96 wells plate and treated with different compounds. Fecal matter
accumulated at the bottom of the plate, was measured over time
by a spectrophotometer (Cassar et al., 2018). This method was
used to predict GI safety issues of drug candidates, but can also be
useful to search for compounds that stimulate bowel movement.
GENETIC MODIFICATIONS IN ZEBRAFISH
TO STUDY ENS DEVELOPMENT
Large-scale forward genetic screens in zebrafish have led to
the identification of new genes and pathways for vertebrate
development, including ENS development (Driever et al., 1996;
Haffter et al., 1996). One of the earliest zebrafish mutants
showing an ENS defect, was identified in a genetic screen for
pigmentation defects. This is not surprising since pigment cells
are also neural crest-derived. The so-called cls (colorless) mutant,
which serves as a zebrafish model for the Waardenburg-Shah
syndrome, lacks pigment cells and shows reduced numbers of
enteric neurons, as well as additional neural crest cell defects
(Kelsh and Eisen, 2000). In a following study, it was shown that
the cls locus mapped to sox10, a gene required for proper neural
crest development that has also been associated to HSCR (Dutton
et al., 2001; Sanchez-Mejias et al., 2010). In another study, loss
of sox10 in zebrafish decreased intestinal motility and resulted
in an altered microbiome causing inflammation (Rolig et al.,
2017). Inflammation, or enterocolitis, is an important aspect of
HSCR, accounting for the majority of mortality and morbidity
described (Demehri et al., 2013). Interestingly, the authors
managed to rescue this phenotype by treating the fish with an
anti-inflammatory bacterial strain, or by restoring ENS function
by transplanting wildtype NCCs (Rolig et al., 2017). Another ENS
zebrafish mutant, lessen, showed a reduction of enteric neurons
in the distal intestine. The mutation mapped to the mediator
complex 24 (med24) gene (Pietsch et al., 2006; Shepherd and
Eisen, 2011). Later, it was found that the lessen mutant displayed
delayed onset of intestinal motility and disturbed interstitial cells
of Cajal, along with ENS development defects (Uyttebroek et al.,
2016). Three other mutants with ENS defects were also found in
this forward genetic screen, and are listed in Table 1.
The human Rearranged during Transfection (RET) gene is
the major gene involved in HSCR. Similarly to humans, loss of
ret in zebrafish causes a HSCR phenotype, in which the severity
of the disease correlates with the affected alleles (Tomuschat
and Puri, 2015; Heanue et al., 2016). In line with previous
reports (Heanue et al., 2016), we observed that homozygous
rethu2846/hu2846 larvae show only few enteric neurons in the
intestinal bulb (most anterior part of the gut). In several
heterozygous rethu2846/+ larvae, the enteric neurons are restricted
to rostral mid-intestine regions, while others remain mildly
affected or even unaffected (Figure 3A). The aganglionosis
observed in rethu2846/hu2846 larvae was found to be the result of
defective migration of ENCCs, rather than defective proliferation
or increased apoptosis (Heanue et al., 2016). In addition, there is
a clear correlation between the presence of enteric neurons and
gut motility (Figure 3B; Supplementary Video 1), reminiscent
of the intestinal dysfunction observed in HSCR patients (Heanue
et al., 2016). We show here, a similar phenotype using the second
zebrafish ret mutant (retSA2684), generated by the TILLING
Sanger Institute ZebrafishMutation Project (https://www.sanger.
ac.uk/resources/zebrafish/) (Figure 3A). Similar to the findings
discussed earlier in sox10 mutants, ret mutant fish that present
with disturbed gut motility show altered intestinal bacterial
population dynamics (Wiles et al., 2016). This further supports
the notion that the alterations in microbiome are the result of
altered gut motility.
In the next sections, we discuss some of the approaches
currently used to genetically modify or block, expression
of specific ENS genes using zebrafish, in an attempt to
provide insights into the genetics and mechanisms underlying
HSCR development.
Morpholino Based Blockage of RNA
Translation
A method that has been fruitful in validating HSCR candidate
genes that affect ENS development in zebrafish, is the use of
morpholinos (MOs). MOs can target translation or splicing
of specific genes, abolishing gene expression. However, they
should be used with caution, since it is reported that MOs can
induce severe side effects or false positive results (Stainier et al.,
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TABLE 1 | Overview of the stable zebrafish mutants and morphants presenting an ENS phenotype.
Name Gene Mutant/morphant Phenotype
Colorless; SRY-related HMG-box 10 (Kelsh and Eisen, 2000;
Dutton et al., 2001)
sox10 Mutant Major loss of enteric neurons and GFP+ glia
Gutwrencher (Kuhlman and Eisen, 2007) gws Mutant Reduced numbers of enteric neurons
Gutless wonder (Kuhlman and Eisen, 2007) glw Mutant Reduced numbers of enteric neurons, especially in
dorsal gut (HSCR)
Lessen (Pietsch et al., 2006; Uyttebroek et al., 2016) med24 Mutant Reduced numbers of enteric neurons, especially in
dorsal gut (HSCR)
Casanova (Dickmeis et al., 2001; Reichenbach et al., 2008) sox32 Mutant Total lack of enteric neurons
RET proto-oncogene (Heanue et al., 2016) ret Mutant Loss of enteric neurons (HSCR)
Sonic you (Reichenbach et al., 2008) shh Mutant Lack EPCs in intestine, including anterior part
Mooth muscle-omitted (Reichenbach et al., 2008) smo Mutant Lack EPCs in intestine, including anterior part
DNA (cytosine-5)-methyltransferase 1 (Ganz et al., 2019) dnmt1 Mutant Reduced enteric neurons and disruption of intestinal
smooth muscle
Ubiquitin-like, containing PHD and RING finger domains 1
(Ganz et al., 2019)
uhrf1 Mutant Reduced enteric neurons and disruption of intestinal
smooth muscle
Glial derived neurotrophic factor (Shepherd et al., 2001) gdnf Morphant Major loss of enteric neurons (HSCR)
Paired box 3 (Minchin and Hughes, 2008) pax3 Morphant Absence of EPCs
Class 3 semaphorin c (Jiang et al., 2015) sema3c Morphant Reduced numbers of enteric neurons (HSCR)
Class 3 semaphorin d (Jiang et al., 2015) sema3d Morphant Reduced numbers of enteric neurons (HSCR)
IkappaB kinase complex associated protein (Cheng et al.,
2015)
ikbkap Morphant Reduced numbers of enteric neurons (HSCR)
Forkhead box D3 (Stewart et al., 2006) foxd3 Morphant Fewer EPCs reaching gut, lack of EPCs in gut
ADP-ribosylation factor-like 6 interacting protein 1 (Tu et al.,
2012)
arl6ip1 Morphant Reduced numbers of enteric neurons
GDNF-family receptor-α 1 (Shepherd et al., 2004) gfra1a;gfra1b Morphant EPCs are formed but do not colonize the gut
(HSCR)
Paired-like homeobox 2b (Elworthy et al., 2005) phox2bb Morphant Half number of enteric neurons - complete absence
in distal part (HSCR)
Indian hedgehog (Sribudiani et al., 2018) ihh Morphant Reduced numbers of enteric neurons (HSCR)
Neuregulin 1 (Pu et al., 2017) nrg1 Morphant Reduced numbers of enteric neurons (HSCR)
Myeloid ecotropic viral integration site 3 (Uribe and Bronner,
2015)
meis3 Morphant EPCs only in anterior gut
Heart and neural crest derivatives expressed 2 (Reichenbach
et al., 2008)
hand2 Morphant NCCs are formed, but lack of EPCs in gut
Chromodomain helicase DNA-binding protein 8 (Bernier
et al., 2014)
chd8 Morphant Reduced enteric neurons in hindgut (HSCR)
DENN Domain Containing 3 (Gui et al., 2017) dennd3 Morphant Enteric neurons absent in distal end colon (HSCR)
Nicalin precursor (Gui et al., 2017) ncln Morphant Enteric neurons absent in distal end colon (HSCR)
Nucleoporin 98 (Gui et al., 2017) nup98 Morphant Enteric neurons absent in distal end colon (HSCR)
Thymus, brain, and testis associated (Gui et al., 2017) tbata Morphant Enteric neurons absent in distal end colon (HSCR)
Mitogen-activated protein kinase 10 (Heanue et al., 2016) mapk10 Morphant Reduced numbers of enteric neurons (HSCR)
Double-strand-break repair protein rad21 (Bonora et al.,
2015)
rad21a Morphant Fewer enteric neurons posterior end of the gut
(CIPO)
Endothelin Receptor Type B (Tilghman et al., 2019) ednrbb Morphant Reduced numbers of enteric neurons (HSCR)
2017). Several morphants (morpholino-injected zebrafish) have
been described showing an ENS phenotype and the majority of
them are listed in Table 1. In a study reporting a large family
with five HSCR and two constipation cases, variants in four
genes: the lipopolysaccharide-responsive and beige-like anchor
protein (LRBA), RET, the RET ligand glial-derived neurotrophic
factor (GDNF), Indian hedgehog (IHH), and a mediator of IHH
signaling GLI family zinc finger 3 (GLI3), were identified. MO
injections in zebrafish also showed that blocking ihh, reduced the
number of enteric neurons present in the intestine, confirming
its previously described role in ENS development shown in mice,
and its reminiscence to HSCR (Ramalho-Santos et al., 2000;
Sribudiani et al., 2018).
Expression of bone morphogenic protein 2 (BMP2) was
found reduced in intestines of HSCR patients (Huang et al.,
2019). Zebrafish bmp2 morphants showed a major defect in
ENS development, which was due to reduced proliferation
and differentiation of enteric progenitors (Huang et al., 2019).
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Interestingly, Bmp2 was found to directly regulate expression
of the glial-derived neurotrophic factor (Gdnf), a known HSCR
gene and ligand of Ret. This result suggests that alterations
in BMP2 expression could disturb ENS development, leading
to HSCR.
In the study describing the zebrafish rethu2846 mutant, the
authors showed that heterozygous rethu2846/+ larvae could be
used to identify susceptibly loci, by injecting a MO in the
heterozygous rethu2846/+ and wildtype larvae (Heanue et al.,
2016). They found that in a heterozygous rethu2846/+ background,
blocking expression of the mitogen activated protein kinase 10
gene (mapk10) with a MO, increased the loss of enteric neurons
in the distal part of the gut (Heanue et al., 2016). The authors
also generated a mapk10 mutant using transcription activator-
like effector nucleases (TALENs), which is an efficient way to
perform targeted genome editing and can be used in zebrafish
(Cermak et al., 2011). However, the mapk10 mutant fish alone
did not show any abnormalities in the ENS, showing that only
in the rethu2846/+ background, loss of mapk10 worsens the ENS
phenotype (Heanue et al., 2016).
Based on the various HSCR phenotypes observed in the
ret mutant and morphant zebrafish, we here introduce a
scoring system in larvae to facilitate standardization of observed
phenotypes in novel HSCR models (Figure 3A). This system
is based on the length of the intestine that lacks neurons,
reminiscent of HSCR in humans (total colonic, short segment
or ultra-short segment HSCR), or in overall reduction in the
number of neurons, reminiscent of hypoganglionosis in humans
(hypoganglionic) (Figure 3A).
Targeted Genome Editing
Targeted genome editing can be used to introduce insertions
or deletions (indels) at specific target coding sequences, often
leading to gene disruption and expression of non-functional
truncated proteins. The latest generation of targeted genome
editing uses the clustered regularly interspaced palindromic
repeats (CRISPR)- associated Cas9 system (Jinek et al., 2012,
2013; Cong et al., 2013; Mali et al., 2013), and has been
successfully adopted to disrupt target genes in zebrafish (Hwang
et al., 2013; Jao et al., 2013). Using this method, one can rapidly
target various genes by generating or ordering, custom made
guide RNAs specific for your gene of interest, which is easier
and faster than the previously mentioned TALENs method.
The first report using CRISPR/Cas9 to study the ENS came
when the autism-associated gene Chromodomain Helicase DNA
Binding Protein 8 (chd8), was knocked out in zebrafish, leading
to a reduction in the number of enteric neurons. Mutations in
CHD8 cause an early-onset form of autism, presenting with a
facial phenotype, macrocephaly, and gastrointestinal problems.
A similar phenotype was obtained in zebrafish by blocking chd8
RNA translation/splicing, using a MO (Bernier et al., 2014).
Interestingly, disruption of zebrafish orthologs of another autism
gene, the SH3 andmultiple ankyrin repeat domains 3 (SHANK3),
also altered gut motility. However, this was not caused by a loss
of ENS cells, but rather due to loss of intestinal serotonin-positive
enteroendocrine cells (James et al., 2019).
Due to the high efficiency of the CRISPR/Cas9 system, it is
feasible to analyze phenotypes directly in the injected generation
(F0) and hence, quickly screen for the phenotype of interest.
Based on this idea, rapid, high-throughput screening methods
using CRISPR/Cas9 in zebrafish, have been developed with
low off-target effects (Shah et al., 2015; Varshney et al., 2015;
Hoshijima et al., 2019; Kuil et al., 2019). Such approach was
successfully used in our lab to screen 14 novel candidate genes
for HSCR. By comparing the effect observed in the ENS when
using MOs, to the effect observed when using CRISPR-Cas9,
four rare exonic de novo variants affecting the genes: DENN
Domain Containing 3 (dennd3), Nucleolin (ncln), Nucleoporin
98 (nup98), and Thymus, Brain And Testes Associated (tbata),
were identified to cause HSCR (Gui et al., 2017). This study
confirmed that similar phenotypes can be found using either
a morpholino-based approach or the CRISPR/Cas9-system.
Furthermore, by disrupting zebrafish orthologs of candidate
genes present in large copy number losses identified in HSCR
patients, we revealed that HSCR phenotypes can be induced
upon loss of the genes: Solute Carrier Family 8 Member A1
(slc8a1), Mitogen-Activated Protein Kinase 8 (mapk8), T-Box
Transcription Factor 2 (tbx2), and Ubiquitin Recognition Factor
In ER Associated Degradation 1 (ufd1l). In this study, we
modeled synergy between ret and other genes by injecting an
ATG-blockingMO against ret, to induce a dose dependent, highly
specific HSCR phenotype (Figure 3A) (Heanue and Pachnis,
2008; Kuil et al., 2020). In case of reduced Ret expression
by MO, disruption of the Glutamine synthetase gene (gnl1)
also resulted in increased occurrence of HSCR phenotypes.
With these studies, we show that direct (F0) screening in
zebrafish is particularly useful for HSCR research, since it
enables a fast validation of candidate genes identified in
patients (Gui et al., 2017; Sribudiani et al., 2018; Kuil et al.,
2020).
Epigenetic factors are often involved in cellular and
developmental processes. Therefore, it is not surprising
that they also play a role in intestine and ENS development. The
gene regulatory systems of the zebrafish intestine are conserved
in higher vertebrates (Lickwar et al., 2017), except during
morphogenesis, where in zebrafish the GI tract develops from
individual organ anlagen, whereas in amniotes it develops from
a common endodermal tube (Wallace and Pack, 2003; Wang
et al., 2010). The transition of zebrafish embryos from yolk
dependency, to a free-feeding larva is a very rapid process, which
requires extensive transcriptional and epigenetic regulation (San
et al., 2018). To delineate these regulatory processes, a previous
study has determined the epigenetic regulation of transcription
in zebrafish. By generating a homozygous mutant for the
Enhancer of zeste homolog 2 gene (ezh2) coding for a histone
methyltransferase involved in transcription repression, they
showed that this enzyme is essential for intestinal maintenance
and survival of zebrafish larvae (San et al., 2018). This result
suggested a possible role of this gene in the development and
function of the intestinal tract in humans. Such role has recently
been confirmed by showing that, EZH2 is involved in intestinal
immune response and is even associated to inflammatory bowel
disease (Zhou et al., 2019). Another study has shown that loss of
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genes coding for the ubiquitin-like protein containing PHD and
RING finger domains 1 (Uhrf1), and DNA methyltransferase 1
(Dnmt1) reduced the number of enteric neurons and disrupted
intestinal smooth muscle in zebrafish (Ganz et al., 2019).
Although epigenetic mechanisms, including hypomethylation,
have been suggested as a disease mechanism for HSCR [reviewed
in Torroglosa et al. (2019)], this was the first report of a genetic
animal model of aberrant methylation, that showed an effect
on ENS development in vivo (Ganz et al., 2019). It would be
of high interest to investigate the downstream transcriptional
consequences of hypomethylation in enteric neurons, to further
expand our understanding on HSCR pathogenicity.
ROLE OF NON-GENETIC FACTORS ON
ENS DEVELOPMENT LEADING TO HSCR
Since genetic factors do not explain all HSCR cases, it is
likely that other (non-genetic) factors are involved in HSCR
pathogenesis. Due to its large clutch of offspring, small
body size, high permeability and rapid development, the
zebrafish is an excellent model to screen chemical libraries
for therapeutic purposes, or for adverse effects. To identify
drugs that could disrupt ENS development, a library of 1,508
compounds was tested in zebrafish embryos (Lake et al.,
2013). They discovered that administration of Mycophenolate,
an inhibitor of de novo guanine nucleotide biosynthesis, led
to incomplete colonization of the gut by ENCCs and thus,
to impaired ENS development. In another study, zebrafish
embryos were used to screen for common medicines frequently
taken by women during early pregnancy. It was found that
Ibuprofen caused a HSCR-like phenotype, due to reduced
migration of NCCs during early development (Schill et al.,
2016).
Retinoic acid (RA) plays an important role in collective
chain migration of ENCCs and their survival. Therefore, loss
of RA leads to a HSCR phenotype caused by stalled migration,
followed by detachment and apoptosis (Uribe et al., 2018).
Interestingly, this effect was only induced during a “sensitive
time period” during development, wherein ENCCs migrate in
chains toward the distal end of the gut. On the other hand,
supplementing RA stimulated enteric neuron development,
leading to increased numbers (Uribe et al., 2018). Since
attenuation of RA caused the migratory chain to stall and
disorient, RA seems to act as a chemoattractant to guide
ENCCs to the distal gut. Vitamin A is the precursor for
functional RA and therefore, this process could be affected
by altered levels of vitamin A. From several mouse studies
it became clear that vitamin A can regulate the number of
ENCCs and it is likely that the levels of vitamin A during
pregnancy affect the risk of HSCR [reviewed in Heuckeroth
(2018)]. Taken together, these studies showed that HSCR
phenotypes are not only caused by genetic defects, but also
by exposure to certain factors during development such as
medication, suggesting that non-genetic mechanisms could affect
HSCR occurrence.
IDENTIFICATION OF DRUGS THAT
STIMULATE ENS DEVELOPMENT
Compounds that have a positive effect on ENS formation, i.e.,
increase the number of enteric neurons, could be valuable to
find a potential new therapy for HSCR. Currently, the most
promising future therapy for HSCR, seems to be autologous
cell transplantation. As mentioned earlier, transplantation of
wildtype ENS progenitors in sox10 zebrafish mutants could
rescue the ENS (Rolig et al., 2017). In the uhrf1 mutant fish,
ENS progenitor transplantation from wildtype donors was used
to test cell autonomous effects (Ganz et al., 2019). Interestingly,
transplanted wildtype cells were absent from the distal-most
region in the mutants, showing that Uhrf1 function is necessary
in non-neuronal cells in the intestine, for ENS progenitors to
migrate to the far end of the intestine (Ganz et al., 2019). In
mammalian HSCR models a lot of progress has been made
in optimizing transplantation therapy. However, there are still
several limitations to overcome such as, limited migration of
transplanted cells along the gut, requirement of very high
numbers of cells and the integration in the endogenous ENS
network [reviewed in: Obermayr and Seitz (2018)]. Combining
transplantation with the addition of chemical compounds that
stimulate ENS development or make the ENS environment
more favorable, could significantly improve transplantation
outcomes (Lui et al., 2018; Zhao et al., 2020). The general
idea for transplantation in patients, which is currently the
major focus of many groups worldwide, is to obtain enteric
neuronal progenitor cells and, after in vitro expansion, transplant
them back to the aganglionic distal colon of the patient. As
mentioned in the previous section, retinoic acid increases enteric
neuron numbers in vivo and is currently also used in vitro
to enhance specification of enteric neural progenitors (Frith
et al., 2020). During a chemical screening in cultured human
ENCCs, pepstatin A was discovered to be capable of improving
colonization of transplanted NCCs in vitro and in vivo (Fattahi
et al., 2016). Similarly, we demonstrated increased NCC survival
and growth in a chemically induced HSCR rat model, by using
a ROCK inhibitor (Zhao et al., 2020). Another study found
that administration of glial cell derived neurotrophic factor
(GDNF) rescued megacolon, prevented death and stimulated
ENS regeneration in the Holstein (a model for trisomy 21-
associated HSCR), TashT (a model for male-biased HSCR) and
Piebald-lethal (a model for EDNRB mutation- associated HSCR)
mice models (Soret et al., 2020). These results suggest that factors
expressed by cells other than enteric neurons, are able to promote
proliferation and engraftment of ENCCs. In addition, they
prompt us with candidate compounds to use for improvement
of future transplantation therapy.
To date, there is no chemical screen performed in zebrafish
described to identify compounds that could prevent, or even
revert the HSCR phenotype. However, mutant zebrafish lines that
exhibit HSCR or other ENS phenotypes, are available and could
be used for this purpose. Such study would be highly informative,
as the complex ENS developmental process would be studied in
vivo, as a whole, in developing zebrafish. This could result in the
identification of chemicals that could facilitate ENS development,
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FIGURE 3 | Functional analysis of ret morphants and mutants. (A) Phenotypical variability observed in zebrafish, using MO targeting Ret expression and two different
zebrafish ret mutant lines. Proposed phenotyping classifications are shown by microscopy images and illustrations. Scale bar represents 200µm. (B) Microscopic
(Continued)
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FIGURE 3 | images of Tg(−8.3phox2bb:keade) zebrafish injected with control or ret MO, show normal ENS colonization in controls and a total colonic HSCR
phenotype in the ret MO injected fish. Peristaltic function is disrupted in zebrafish lacking enteric neurons, which is shown by the absence of bowel movement in the
STMaps. Scale bar represents 200µm. Note that the use of the terms hypoganglionosis and HSCR in zebrafish despite the lack of ganglia in this organism, refers to
the reminiscent phenotype observed in mammals (humans).
by targeting not only neuronal progenitors and neurons, but also
other cell types, in the developing gut.
CONCLUSIONS
Despite many years of research on ENS development, we
still lack a complete understanding of all the genes involved
and causative of HSCR. Human genetic studies using Next
Generation Sequencing approaches have revealed many new
HSCR candidate genes. However, to better understand the
pathogenicity of variants in these novel genes, and how they
influence ENS development, a fast and robust method to
functionally validate their effect, is in demand. The zebrafish is
an excellent model to study the ENS and subsequently, enteric
neuropathies such as HSCR, as rapid transgenic techniques, high-
resolution fluorescent in vivo imaging, and well-characterized
promoters for tissue-specific expression, are already available.
Gene expression can also be easily disrupted or modified in
zebrafish, to study the effect of specific genes, or a combination
of genes, on the ENS by evaluating neuronal count, gut motility
and intestinal transit time. Furthermore, zebrafish provides a
high-throughput system for targeted validation and potential
treatment strategies, using genome-editing technologies and
drug screening set-ups. As mentioned in this review, the current
general belief is that a defect in either migration, differentiation,
proliferation or survival of enteric progenitors, causes the
developmental defects observed in HSCR patients. Zebrafish
studies have been instrumental in increasing our knowledge on
ENS development and how genetic defects affect these processes,
leading to HSCR.
FUTURE PERSPECTIVES
The advances in using CRISPR/Cas9 for genome editing allowed
for a rapid expansion of the genetic toolbox available to edit the
genome. The efficient and relatively easy generation of zebrafish
mutants using these techniques, enhances tremendously the
potential of this animal model for disease modeling. In
combination with a variety of (functional) readouts, it is easy and
more importantly, rapid to screen for ENS related phenotypes.
Up until now, most studies validate potential human disease
candidate genes by introducing frameshift mutations, which
will most of the time disrupt protein function. However, when
patients have a point mutation that does not lead to a truncated
protein, or might even lead to a gain of function, one needs
another method to study this effect. In case the amino acid
sequence containing the mutation is conserved in zebrafish,
several approaches can be used to make a point mutation, leading
to the same amino acid change observed in the patient. For
example, a regular Cas9 protein can be injected together with a
specific guide RNA targeting the position of the point mutation,
and a single-stranded oligo or plasmid containing the mutation
of interest and specific homology arms [Reviewed in: Albadri
et al. (2017)]. However, since homologous directed repair (HDR)
does not occur frequently in zebrafish, non-homologous end
joining seems to be favored over HDR, as a repair mechanism.
This leads to a relatively low efficiency of correction of specific
point mutations, lacking unwanted indels, or insertion of the
complete oligo with homology arms. Recent progress in CRISPR-
mediated gene editing, currently allows the introduction of point
mutations using base editors, cytidine deaminases, which are
attached to a modified Cas9 protein. This technique can make
the conversion of G-C base pairs to A-T base pairs or vice-versa,
without generating double strand breaks [reviewed in: Liu et al.
(2019)]. In zebrafish, sequence-specific single base mutations
were generated with an efficiency ranging from ∼9 to 28%, and
a low number of indels (Zhang et al., 2017). The possibility of
targeted knock-in single nucleotides in zebrafish, is valuable to
analyze specific variants identified in HSCR patients, especially in
the case of missense variants, when the CRISPR/Cas9 knockout
might not accurately reflect the functional consequences of such
variants. In addition, in cases where it is impossible to predict
the effect of specific amino acid changes, the zebrafish can be
a powerful and cost-effective model to study patient specific
variants in vivo.
Although a lot of effort has been made to study ENS
development in zebrafish, some developmental dynamics remain
unsolved. For example, with respect to ENS lineages and
differentiation paths of enteric glia, enteric progenitors and
enteric neurons. In addition, various open questions in the field
persist such as: do enteric neuronal stem cells exist in adults?
Do new enteric neurons develop from only one, or a few enteric
neuronal precursor cells at the wave front, or do they expand
in parallel? CRISPR-Cas9 is currently used as scars or barcodes
in the genome to reconstruct cell lineages during development,
in an organism-wide manner using several techniques (McKenna
et al., 2016; Alemany et al., 2018; Spanjaard et al., 2018). To
date, these techniques have not been used to trace NCCs or other
components of the ENS in particular. However, by doing so, one
would be able to answer various open questions in the field, such
as those mentioned earlier.
Taken together, the work discussed here shows that the
zebrafish is an excellent model to study HSCR, but also for
human pediatric research, as it will provide cues to improve
our understanding of the complex processes involved in human
development. We also believe that the zebrafish will be fruitful
in the development of new approaches to treat HSCR. With
novel technologies being regularly developed, this animal model
promises exciting research opportunities in the future.
Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 January 2021 | Volume 8 | Article 629073
Kuil et al. Enteric Neuron Development in Zebrafish
AUTHOR CONTRIBUTIONS
LEK, RKC, RMWH, and MMA conceptualized the study. LEK,
RKC, and WWC wrote the manuscript. All authors read and
revised the manuscript and approved the submitted version.
FUNDING
This research was funded by a Sophia Foundation award to
RMWH (S14-33).
ACKNOWLEDGMENTS
We thank Veerle Melotte for her helpful comments on
the manuscript.
SUPPLEMENTARY MATERIAL




Albadri, S., Del Bene, F., and Revenu, C. (2017). Genome editing using
CRISPR/Cas9-based knock-in approaches in zebrafish. Methods 121–122,
77–85. doi: 10.1016/j.ymeth.2017.03.005
Alemany, A., Florescu, M., Baron, C. S., Peterson-Maduro, J., and van
Oudenaarden, A. (2018). Whole-organism clone tracing using single-cell
sequencing. Nature 556, 108–112. doi: 10.1038/nature25969
Alves, M. M., Sribudiani, Y., Brouwer, R. W., Amiel, J., Antinolo, G., Borrego,
S., et al. (2013). Contribution of rare and common variants determine
complex diseases-Hirschsprung disease as a model. Dev. Biol. 382, 320–329.
doi: 10.1016/j.ydbio.2013.05.019
Amiel, J., Sproat-Emison, E., Garcia-Barcelo, M., Lantieri, F., Burzynski, G.,
Borrego, S., et al. (2008). Hirschsprung disease, associated syndromes and
genetics: a review. J. Med. Genet. 45, 1–14. doi: 10.1136/jmg.2007.053959
Asakawa, K., and Kawakami, K. (2009). The Tol2-mediated Gal4-UAS method
for gene and enhancer trapping in zebrafish. Methods 49, 275–281.
doi: 10.1016/j.ymeth.2009.01.004
Badner, J. A., Sieber, W. K., Garver, K. L., and Chakravarti, A. (1990). A genetic
study of Hirschsprung disease. Am. J. Hum. Genet. 46, 568–580.
Baker, P. A., Meyer, M. D., Tsang, A., and Uribe, R. A. (2019).
Immunohistochemical and ultrastructural analysis of the maturing larval
zebrafish enteric nervous system reveals the formation of a neuropil pattern.
Sci. Rep. 9:6941. doi: 10.1038/s41598-019-43497-9
Bernier, R., Golzio, C., Xiong, B., Stessman, H. A., Coe, B. P., Penn, O., et al. (2014).
Disruptive CHD8 mutations define a subtype of autism early in development.
Cell 158, 263–276. doi: 10.1016/j.cell.2014.06.017
Boer, E. F., Jette, C. A., and Stewart, R. A. (2016). Neural crest migration
and survival are susceptible to morpholino-induced artifacts. PLoS ONE
11:e0167278. doi: 10.1371/journal.pone.0167278
Bonora, E., Bianco, F., Cordeddu, L., Bamshad, M., Francescatto, L., Dowless,
D., et al. (2015). Mutations in RAD21 disrupt regulation of APOB in patients
with chronic intestinal pseudo-obstruction.Gastroenterology 148, 771–782.e11.
doi: 10.1053/j.gastro.2014.12.034
Burns, A. J., and Douarin, N. M. (1998). The sacral neural crest contributes
neurons and glia to the post-umbilical gut: spatiotemporal analysis of the
development of the enteric nervous system. Development 125, 4335–4347.
Cassar, S., Huang, X., and Cole, T. (2018). High-throughput measurement of gut
transit time using larval zebrafish. J. Vis. Exp. 140, e58497. doi: 10.3791/58497
Cermak, T., Doyle, E. L., Christian, M., Wang, L., Zhang, Y., Schmidt, C.,
et al. (2011). Efficient design and assembly of custom TALEN and other
TAL effector-based constructs for DNA targeting. Nucleic Acids Res. 39:e82.
doi: 10.1093/nar/gkr218
Cheng, W. W., Tang, C. S., Gui, H. S., So, M. T., Lui, V. C., Tam, P.
K., et al. (2015). Depletion of the IKBKAP ortholog in zebrafish leads to
hirschsprung disease-like phenotype. World J. Gastroenterol. 21, 2040–2046.
doi: 10.3748/wjg.v21.i7.2040
Cocchiaro, J. L., and Rawls, J. F. (2013). Microgavage of zebrafish larvae. J. Vis. Exp.
72, e4434. doi: 10.3791/4434
Cong, L., Ran, F. A., Cox, D., Lin, S., Barretto, R., Habib, N., et al. (2013).
Multiplex genome engineering using CRISPR/Cas systems. Science 339,
819–823. doi: 10.1126/science.1231143
Demehri, F. R., Halaweish, I. F., Coran, A. G., and Teitelbaum, D. H.
(2013). Hirschsprung-associated enterocolitis: pathogenesis, treatment and
prevention. Pediatr. Surg. Int. 29, 873–881. doi: 10.1007/s00383-013-3353-1
Dickmeis, T., Mourrain, P., Saint-Etienne, L., Fischer, N., Aanstad, P., Clark,
M., et al. (2001). A crucial component of the endoderm formation pathway,
CASANOVA, is encoded by a novel sox-related gene.Genes Dev. 15, 1487–1492.
doi: 10.1101/gad.196901
Driever, W., Solnica-Krezel, L., Schier, A. F., Neuhauss, S. C., Malicki, J., Stemple,
D. L., et al. (1996). A genetic screen for mutations affecting embryogenesis in
zebrafish. Development 123, 37–46.
Drokhlyansky, E., Smillie, C. S., Van Wittenberghe, N., Ericsson, M., Griffin, G.
K., Eraslan, G., et al. (2020). The human and mouse enteric nervous system at
single-cell resolution. Cell 182, 1606–1622.e23. doi: 10.1016/j.cell.2020.08.003
Dutton, K. A., Pauliny, A., Lopes, S. S., Elworthy, S., Carney, T. J., Rauch, J., et al.
(2001). Zebrafish colourless encodes sox10 and specifies non-ectomesenchymal
neural crest fates.Development 128, 4113–4125. Available online at: https://dev.
biologists.org/content/128/21/4113.long
El-Nachef, W. N., and Bronner, M. E. (2020). De novo enteric neurogenesis in
post-embryonic zebrafish from Schwann cell precursors rather than resident
cell types. Development 147: doi: 10.1101/2020.06.01.127712
Elworthy, S., Pinto, J. P., Pettifer, A., Cancela, M. L., and Kelsh, R. N. (2005).
Phox2b function in the enteric nervous system is conserved in zebrafish and
is sox10-dependent.Mech. Dev. 122, 659–669. doi: 10.1016/j.mod.2004.12.008
Fattahi, F., Steinbeck, J. A., Kriks, S., Tchieu, J., Zimmer, B., Kishinevsky, S., et al.
(2016). Deriving human ENS lineages for cell therapy and drug discovery in
Hirschsprung disease. Nature 531, 105–109. doi: 10.1038/nature16951
Field, H. A., Kelley, K. A., Martell, L., Goldstein, A. M., and Serluca, F. C.
(2009). Analysis of gastrointestinal physiology using a novel intestinal
transit assay in zebrafish. Neurogastroenterol. Motil. 21, 304–312.
doi: 10.1111/j.1365-2982.2008.01234.x
Frith, T. J. R., Gogolou, A., Hackland, J. O. S., Hewitt, Z. A., Moore, H. D., Barbaric,
I., et al. (2020). Retinoic acid accelerates the specification of enteric neural
progenitors from in-vitro-derived neural crest. Stem Cell Rep. 15, 557–565.
doi: 10.1016/j.stemcr.2020.07.024
Furness, J. B. (2009). “Enteric nervous system,” in Encyclopedia of Neuroscience,
edsM. D. Binder, N. Hirokawa, and U.Windhorst (Berlin, Heidelberg: Springer
Berlin Heidelberg), 1122–1125. doi: 10.1007/978-3-540-29678-2_3035
Ganz, J., Baker, R. P., Hamilton, M. K., Melancon, E., Diba, P., Eisen, J. S.,
et al. (2018). Image velocimetry and spectral analysis enable quantitative
characterization of larval zebrafish gut motility. Neurogastroenterol. Motil.
30:e13351. doi: 10.1111/nmo.13351
Ganz, J., Melancon, E., Wilson, C., Amores, A., Batzel, P., Strader, M., et al. (2019).
Epigenetic factors Dnmt1 and Uhrf1 coordinate intestinal development. Dev.
Biol. 455, 473–484. doi: 10.1016/j.ydbio.2019.08.002
Gershon, M. D., Chalazonitis, A., and Rothman, T. P. (1993). From neural crest to
bowel: development of the enteric nervous system. J. Neurobiol. 24, 199–214.
doi: 10.1002/neu.480240207
Grubisic, V., Verkhratsky, A., Zorec, R., and Parpura, V. (2018). Enteric glia
regulate gut motility in health and disease. Brain Res. Bull. 136, 109–117.
doi: 10.1016/j.brainresbull.2017.03.011
Gui, H., Schriemer, D., Cheng, W. W., Chauhan, R. K., Antinolo, G., Berrios,
C., et al. (2017). Whole exome sequencing coupled with unbiased functional
Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 January 2021 | Volume 8 | Article 629073
Kuil et al. Enteric Neuron Development in Zebrafish
analysis reveals new Hirschsprung disease genes. Genome Biol. 18:48.
doi: 10.1186/s13059-017-1174-6
Haffter, P., Granato, M., Brand, M., Mullins, M. C., Hammerschmidt, M., Kane, D.
A., et al. (1996). The identification of genes with unique and essential functions
in the development of the zebrafish, Danio rerio. Development 123, 1–36.
Harrison, C., Wabbersen, T., and Shepherd, I. T. (2014). In vivo visualization of
the development of the enteric nervous system using a Tg(-8.3bphox2b:Kaede)
transgenic zebrafish. Genesis 52, 985–990. doi: 10.1002/dvg.22826
Heanue, T. A., Boesmans, W., Bell, D. M., Kawakami, K., Vanden Berghe,
P., and Pachnis, V. (2016). A novel zebrafish ret heterozygous model of
hirschsprung disease identifies a functional role for mapk10 as a modifier
of enteric nervous system phenotype severity. PLoS Genet. 12:e1006439.
doi: 10.1371/journal.pgen.1006439
Heanue, T. A., and Pachnis, V. (2008). Ret isoform function and marker gene
expression in the enteric nervous system is conserved across diverse vertebrate
species.Mech. Dev. 125, 687–699. doi: 10.1016/j.mod.2008.04.006
Heuckeroth, R. O. (2018). Hirschsprung disease - integrating basic science and
clinical medicine to improve outcomes. Nat. Rev. Gastroenterol. Hepatol. 15,
152–167. doi: 10.1038/nrgastro.2017.149
Holmberg, A., Olsson, C., and Hennig, G. W. (2007). TTX-sensitive and TTX-
insensitive control of spontaneous gut motility in the developing zebrafish
(Danio rerio) larvae. J. Exp. Biol. 210, 1084–1091. doi: 10.1242/jeb.000935
Holmberg, A., Schwerte, T., Fritsche, R., Pelster, B., and Holmgren, S.
(2003). Ontogeny of intestinal motility in correlation to neuronal
development in zebrafish embryos and larvae. J. Fish Biol. 63, 318–331.
doi: 10.1046/j.1095-8649.2003.00149.x
Holmberg, A., Schwerte, T., Pelster, B., and Holmgren, S. (2004). Ontogeny of the
gut motility control system in zebrafish Danio rerio embryos and larvae. J. Exp.
Biol. 207, 4085–4094. doi: 10.1242/jeb.01260
Horzmann, K. A., and Freeman, J. L. (2018). Making waves: new developments in
toxicology with the zebrafish. Toxicol. Sci. 163, 5–12. doi: 10.1093/toxsci/kfy044
Hoshijima, K., Jurynec, M. J., Klatt Shaw, D., Jacobi, A. M., Behlke, M. A.,
and Grunwald, D. J. (2019). Highly efficient CRISPR-Cas9-based methods for
generating deletion mutations and F0 embryos that lack gene function in
zebrafish. Dev Cell 51, 645-657 e4. doi: 10.1016/j.devcel.2019.10.004
Howard, A. G. A., Baker, P. A., Ibarra-García-Padilla, R., Moore, J. A., Rivas,
L. J., Singleton, E. W., et al. (2020). An atlas of neural crest lineages
along the posterior developing zebrafish at single-cell resolution. bioRxiv
2020.06.14.150938. doi: 10.1101/2020.06.14.150938
Howe, K., Clark, M. D., Torroja, C. F., Torrance, J., Berthelot, C., Muffato, M.,
et al. (2013). The zebrafish reference genome sequence and its relationship to
the human genome. Nature 496, 498–503. doi: 10.1038/nature12111
Huang, S., Wang, Y., Luo, L., Li, X., Jin, X., Li, S., et al. (2019). BMP2 is related to
hirschsprung’s disease and required for enteric nervous system development.
Front. Cell. Neurosci. 13:523. doi: 10.3389/fncel.2019.00523
Hwang, W. Y., Fu, Y., Reyon, D., Maeder, M. L., Tsai, S. Q., Sander, J. D., et al.
(2013). Efficient genome editing in zebrafish using a CRISPR-Cas system. Nat.
Biotechnol. 31, 227–229. doi: 10.1038/nbt.2501
James, D. M., Kozol, R. A., Kajiwara, Y., Wahl, A. L., Storrs, E. C., Buxbaum, J. D.,
et al. (2019). Intestinal dysmotility in a zebrafish (Danio rerio) shank3a;shank3b
mutant model of autism.Mol. Autism. 10:3. doi: 10.1186/s13229-018-0250-4
Jao, L. E., Wente, S. R., and Chen, W. (2013). Efficient multiplex biallelic zebrafish
genome editing using a CRISPR nuclease system. Proc. Natl. Acad. Sci. U.S.A.
110, 13904–13909. doi: 10.1073/pnas.1308335110
Jiang, Q., Arnold, S., Heanue, T., Kilambi, K. P., Doan, B., Kapoor, A., et al. (2015).
Functional loss of semaphorin 3C and/or semaphorin 3D and their epistatic
interaction with ret are critical to Hirschsprung disease liability. Am. J. Hum.
Genet. 96, 581–596. doi: 10.1016/j.ajhg.2015.02.014
Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., and Charpentier,
E. (2012). A programmable dual-RNA-guided DNA endonuclease in adaptive
bacterial immunity. Science 337, 816–821. doi: 10.1126/science.1225829
Jinek, M., East, A., Cheng, A., Lin, S., Ma, E., and Doudna, J. (2013).
RNA-programmed genome editing in human cells. eLife 2:e00471.
doi: 10.7554/eLife.00471
Joseph, N. M., He, S., Quintana, E., Kim, Y. G., Nunez, G., and Morrison, S. J.
(2011). Enteric glia are multipotent in culture but primarily form glia in the
adult rodent gut. J. Clin. Invest. 121, 3398–3411. doi: 10.1172/JCI58186
Kelsh, R. N., and Eisen, J. S. (2000). The zebrafish colourless gene regulates
development of non-ectomesenchymal neural crest derivatives. Development
127, 515–525. Available online at: https://dev.biologists.org/content/127/3/515
Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B., and Schilling, T.
F. (1995). Stages of embryonic development of the zebrafish. Dev. Dyn. 203,
253–310. doi: 10.1002/aja.1002030302
Kuhlman, J., and Eisen, J. S. (2007). Genetic screen for mutations affecting
development and function of the enteric nervous system. Dev. Dyn. 236,
118–127. doi: 10.1002/dvdy.21033
Kuil, L., MacKenzie, K. C., Tang, C., Windster, J., Linh Le, T., Karim,
A., et al. (2020). Size matters: large copy number losses reveal
novel Hirschsprung disease genes. medRxiv 2020.11.02.20221481.
doi: 10.1101/2020.11.02.20221481
Kuil, L. E., Oosterhof, N., Geurts, S. N., van der Linde, H. C., Meijering, E.,
and van Ham, T. J. (2019). Reverse genetic screen reveals that Il34 facilitates
yolk sac macrophage distribution and seeding of the brain. Dis. Model Mech.
12:dmm037762. doi: 10.1101/406553
Kuwata, M., Nikaido, M., and Hatta, K. (2019). Local heat-shock mediated multi-
color labeling visualizing behaviors of enteric neural crest cells associated
with division and neurogenesis in zebrafish gut. Dev. Dyn. 248, 437–448.
doi: 10.1002/dvdy.36
Lake, J. I., Tusheva, O. A., Graham, B. L., and Heuckeroth, R. O. (2013).
Hirschsprung-like disease is exacerbated by reduced de novo GMP synthesis.
J. Clin. Invest. 123, 4875–4887. doi: 10.1172/JCI69781
Laranjeira, C., Sandgren, K., Kessaris, N., Richardson, W., Potocnik, A., Vanden
Berghe, P., et al. (2011). Glial cells in the mouse enteric nervous system can
undergo neurogenesis in response to injury. J. Clin. Invest. 121, 3412–3424.
doi: 10.1172/JCI58200
Lasrado, R., Boesmans, W., Kleinjung, J., Pin, C., Bell, D., Bhaw, L., et al. (2017).
Lineage-dependent spatial and functional organization of the mammalian
enteric nervous system. Science 356, 722–726. doi: 10.1126/science.aam7511
Le Douarin, N. (1982). The Neural Crest.Cambridge [Cambridgeshire]; New York,
NY: Cambridge University Press.
Lickwar, C. R., Camp, J. G., Weiser, M., Cocchiaro, J. L., Kingsley,
D. M., Furey, T. S., et al. (2017). Genomic dissection of conserved
transcriptional regulation in intestinal epithelial cells. PLoS Biol. 15:e2002054.
doi: 10.1371/journal.pbio.2002054
Lieschke, G. J., and Currie, P. D. (2007). Animal models of human disease:
zebrafish swim into view. Nat. Rev. Genet. 8, 353–367. doi: 10.1038/nrg2091
Liu, K., Petree, C., Requena, T., Varshney, P., and Varshney, G. K. (2019).
Expanding the CRISPR toolbox in zebrafish for studying development
and disease. Front. Cell. Dev. Biol. 7:13. doi: 10.3389/fcell.2019.
00013
Lui, K. N., Tam, P. K. H., and Ngan, E. S. (2018). Update on the role of stem cells
in the treatment of hirschsprung disease. Eur. J. Pediatr. Surg. 28, 215–221.
doi: 10.1055/s-0038-1646925
Mali, P., Yang, L., Esvelt, K. M., Aach, J., Guell, M., DiCarlo, J. E., et al. (2013).
RNA-guided human genome engineering via Cas9. Science 339, 823–826.
doi: 10.1126/science.1232033
McCallum, S., Obata, Y., Fourli, E., Boeing, S., Peddie, C. J., Xu, Q., et al. (2020).
Enteric glia as a source of neural progenitors in adult zebrafish. eLife 9:e56086.
doi: 10.7554/eLife.56086
McKenna, A., Findlay, G. M., Gagnon, J. A., Horwitz, M. S., Schier, A. F., and
Shendure, J. (2016). Whole-organism lineage tracing by combinatorial and
cumulative genome editing. Science 353:aaf7907. doi: 10.1126/science.aaf7907
Minchin, J. E., and Hughes, S. M. (2008). Sequential actions of Pax3 and Pax7 drive
xanthophore development in zebrafish neural crest. Dev. Biol. 317, 508–522.
doi: 10.1016/j.ydbio.2008.02.058
Ng, A. N., de Jong-Curtain, T. A., Mawdsley, D. J., White, S. J., Shin, J.,
Appel, B., et al. (2005). Formation of the digestive system in zebrafish:
III. Intestinal epithelium morphogenesis. Dev. Biol. 286, 114–135.
doi: 10.1016/j.ydbio.2005.07.013
Nikaido, M., Izumi, S., Ohnuki, H., Takigawa, Y., Yamasu, K., and Hatta,
K. (2018). Early development of the enteric nervous system visualized by
using a new transgenic zebrafish line harboring a regulatory region for
choline acetyltransferase a (chata) gene. Gene Expr. Patterns 28, 12–21.
doi: 10.1016/j.gep.2018.01.003
Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 January 2021 | Volume 8 | Article 629073
Kuil et al. Enteric Neuron Development in Zebrafish
Obermayr, F., and Seitz, G. (2018). Recent developments in cell-based
ENS regeneration - a short review. Innov. Surg. Sci. 3, 93–99.
doi: 10.1515/iss-2018-0005
Olsson, C., Holmberg, A., and Holmgren, S. (2008). Development of enteric and
vagal innervation of the zebrafish (Danio rerio) gut. J. Comp. Neurol. 508,
756–770. doi: 10.1002/cne.21705
Olsson, C., and Holmgren, S. (2001). The control of gut motility.
Comp. Biochem. Physiol. A Mol. Integr. Physiol. 128, 481–503.
doi: 10.1016/S1095-6433(00)00330-5
Orts Llorca, F. (1934). Über die entwicklung der caudalen spinalganglien beim
menschen. Zeitschrift für Anatomie Entwicklungsgeschichte 102, 462–480.
doi: 10.1007/BF02118780
Pan, Y. A., Freundlich, T., Weissman, T. A., Schoppik, D., Wang, X. C.,
Zimmerman, S., et al. (2013). Zebrabow: multispectral cell labeling for
cell tracing and lineage analysis in zebrafish. Development 140, 2835–2846.
doi: 10.1242/dev.094631
Paone, C., Diofano, F., Park, D. D., Rottbauer, W., and Just, S. (2018). Genetics
of cardiovascular disease: fishing for causality. Front Cardiovasc. Med. 5:60.
doi: 10.3389/fcvm.2018.00060
Peri, F., and Nusslein-Volhard, C. (2008). Live imaging of neuronal degradation
by microglia reveals a role for v0-ATPase a1 in phagosomal fusion in vivo. Cell
133, 916–927. doi: 10.1016/j.cell.2008.04.037
Pietsch, J., Delalande, J. M., Jakaitis, B., Stensby, J. D., Dohle, S., Talbot, W. S., et al.
(2006). lessen encodes a zebrafish trap100 required for enteric nervous system
development. Development 133, 395–406. doi: 10.1242/dev.02215
Pu, J., Tang, S., Tong, Q., Wang, G., Jia, H., Jia, Q., et al. (2017). Neuregulin 1 is
involved in enteric nervous system development in zebrafish. J. Pediatr. Surg.
52, 1182–1187. doi: 10.1016/j.jpedsurg.2017.01.005
Ramalho-Santos, M., Melton, D. A., andMcMahon, A. P. (2000). Hedgehog signals
regulate multiple aspects of gastrointestinal development. Development 127,
2763–2772. Available online at: https://dev.biologists.org/content/127/12/2763.
long
Reichenbach, B., Delalande, J. M., Kolmogorova, E., Prier, A., Nguyen, T., Smith,
C. M., et al. (2008). Endoderm-derived Sonic hedgehog and mesoderm Hand2
expression are required for enteric nervous system development in zebrafish.
Dev. Biol. 318, 52–64. doi: 10.1016/j.ydbio.2008.02.061
Rolig, A. S., Mittge, E. K., Ganz, J., Troll, J. V., Melancon, E., Wiles,
T. J., et al. (2017). The enteric nervous system promotes intestinal
health by constraining microbiota composition. PLoS Biol. 15:e2000689.
doi: 10.1371/journal.pbio.2000689
Roy-Carson, S., Natukunda, K., Chou, H. C., Pal, N., Farris, C., Schneider, S.
Q., et al. (2017). Defining the transcriptomic landscape of the developing
enteric nervous system and its cellular environment. BMC Genomics 18, 290.
doi: 10.1186/s12864-017-3653-2
San, B., Aben, M., Elurbe, D. M., Voeltzke, K., den Broeder, M. J., Rougeot, J., et al.
(2018). Genetic and epigenetic regulation of zebrafish intestinal development.
Epigenomes 2:19. doi: 10.3390/epigenomes2040019
Sanchez-Mejias, A., Watanabe, Y., R. M. F., Lopez-Alonso, M., Antinolo, G.,
Bondurand, N., et al. (2010). Involvement of SOX10 in the pathogenesis of
Hirschsprung disease: report of a truncating mutation in an isolated patient.
J. Mol. Med. 88, 507–514. doi: 10.1007/s00109-010-0592-7
Schill, E. M., Lake, J. I., Tusheva, O. A., Nagy, N., Bery, S. K., Foster, L., et al. (2016).
Ibuprofen slows migration and inhibits bowel colonization by enteric nervous
system precursors in zebrafish, chick and mouse. Dev. Biol. 409, 473–488.
doi: 10.1016/j.ydbio.2015.09.023
Shah, A. N., Davey, C. F., Whitebirch, A. C., Miller, A. C., and Moens, C. B. (2015).
Rapid reverse genetic screening using CRISPR in zebrafish. Nat. Methods 12,
535–540. doi: 10.1038/nmeth.3360
Shepherd, I., and Eisen, J. (2011). Development of the zebrafish
enteric nervous system. Methods Cell Biol. 101, 143–160.
doi: 10.1016/B978-0-12-387036-0.00006-2
Shepherd, I. T., Beattie, C. E., and Raible, D. W. (2001). Functional analysis of
zebrafish GDNF. Dev. Biol. 231, 420–435. doi: 10.1006/dbio.2000.0145
Shepherd, I. T., Pietsch, J., Elworthy, S., Kelsh, R. N., and Raible, D. W.
(2004). Roles for GFRalpha1 receptors in zebrafish enteric nervous system
development. Development 131, 241–249. doi: 10.1242/dev.00912
Soret, R., Schneider, S., Bernas, G., Christophers, B., Souchkova, O., Charrier,
B., et al. (2020). Glial cell-derived neurotrophic factor induces enteric
neurogenesis and improves colon structure and function in mouse
models of hirschsprung’s disease. Gastroenterology. 159, 1824–1838.e17.
doi: 10.1053/j.gastro.2020.07.018
Spanjaard, B., Hu, B., Mitic, N., Olivares-Chauvet, P., Janjuha, S., Ninov, N., et al.
(2018). Simultaneous lineage tracing and cell-type identification using CRISPR-
Cas9-induced genetic scars. Nat. Biotechnol. 36, 469–473. doi: 10.1038/nb
t.4124
Sribudiani, Y., Chauhan, R. K., Alves, M. M., Petrova, L., Brosens, E., Harrison,
C., et al. (2018). Identification of variants in RET and IHH pathway members
in a large family with history of hirschsprung disease. Gastroenterology 155,
118–129.e6. doi: 10.1053/j.gastro.2018.03.034
Stainier, D. Y. R., Raz, E., Lawson, N. D., Ekker, S. C., Burdine, R. D., Eisen,
J. S., et al. (2017). Guidelines for morpholino use in zebrafish. PLoS Genet.
13:e1007000. doi: 10.1371/journal.pgen.1007000
Stewart, R. A., Arduini, B. L., Berghmans, S., George, R. E., Kanki, J. P.,
Henion, P. D., et al. (2006). Zebrafish foxd3 is selectively required for
neural crest specification, migration and survival. Dev. Biol. 292, 174–188.
doi: 10.1016/j.ydbio.2005.12.035
Tilghman, J. M., Ling, A. Y., Turner, T. N., Sosa, M. X., Krumm, N., Chatterjee,
S., et al. (2019). Molecular genetic anatomy and risk profile of hirschsprung’s
disease. N. Engl. J. Med. 380, 1421–1432. doi: 10.1056/NEJMoa1706594
Tomuschat, C., and Puri, P. (2015). RET gene is a major risk factor for
Hirschsprung’s disease: a meta-analysis. Pediatr. Surg. Int. 31, 701–710.
doi: 10.1007/s00383-015-3731-y
Torroglosa, A., Villalba-Benito, L., Luzon-Toro, B., Fernandez, R.M., Antinolo, G.,
and Borrego, S. (2019). Epigenetic mechanisms in hirschsprung disease. Int. J.
Mol. Sci. 20:3123. doi: 10.3390/ijms20133123
Tu, C. T., Yang, T. C., Huang, H. Y., and Tsai, H. J. (2012). Zebrafish arl6ip1
is required for neural crest development during embryogenesis. PLoS ONE
7:e32899. doi: 10.1371/journal.pone.0032899
Uribe, R. A., and Bronner, M. E. (2015). Meis3 is required for neural crest invasion
of the gut during zebrafish enteric nervous system development.Mol. Biol. Cell.
26, 3728–3740. doi: 10.1091/mbc.E15-02-0112
Uribe, R. A., Hong, S. S., and Bronner, M. E. (2018). Retinoic acid temporally
orchestrates colonization of the gut by vagal neural crest cells. Dev. Biol. 433,
17–32. doi: 10.1016/j.ydbio.2017.10.021
Uyttebroek, L., Shepherd, I. T., Harrisson, F., Hubens, G., Blust, R., Timmermans,
J.-P., et al. (2010). Van Nassauw, Neurochemical coding of enteric neurons in
adult and embryonic zebrafish (Danio rerio). J. Comp. Neurol. 518, 4419–4438.
doi: 10.1002/cne.22464
Uyttebroek, L., Shepherd, I. T., Hubens, G., Timmermans, J. P., and L.
(2013). Van nassauw, expression of neuropeptides and anoctamin 1 in the
embryonic and adult zebrafish intestine, revealing neuronal subpopulations
and ICC-like cells. Cell Tissue Res. 354, 355–370. doi: 10.1007/s00441-013-
1685-8
Uyttebroek, L., Shepherd, I. T., Vanden Berghe, P., Hubens, G., Timmermans, J.
P., and Van Nassauw, L. (2016). The zebrafish mutant lessen: an experimental
model for congenital enteric neuropathies. Neurogastroenterol. Motil. 28,
345–357. doi: 10.1111/nmo.12732
Varshney, G. K., Pei, W., LaFave, M. C., Idol, J., Xu, L., Gallardo, V., et al.
(2015). High-throughput gene targeting and phenotyping in zebrafish using
CRISPR/Cas9. Genome Res. 25, 1030–1042. doi: 10.1101/gr.186379.114
Vaz, R. L., Outeiro, T. F., and Ferreira, J. J. (2018). Zebrafish as an animal model
for drug discovery in parkinson’s disease and other movement disorders: a
systematic review. Front. Neurol. 9:347. doi: 10.3389/fneur.2018.00347
Wallace, A. S., and Burns, A. J. (2005). Development of the enteric nervous system,
smooth muscle and interstitial cells of Cajal in the human gastrointestinal tract.
Cell Tissue Res. 319, 367–382. doi: 10.1007/s00441-004-1023-2
Wallace, K. N., Akhter, S., Smith, E. M., Lorent, K., and Pack, M. (2005).
Intestinal growth and differentiation in zebrafish. Mech. Dev. 122, 157–173.
doi: 10.1016/j.mod.2004.10.009
Wallace, K. N., and Pack, M. (2003). Unique and conserved
aspects of gut development in zebrafish. Dev. Biol. 255, 12–29.
doi: 10.1016/S0012-1606(02)00034-9
Wang, X., Chan, A. K., Sham, M. H., Burns, A. J., and Chan, W. Y. (2011).
Analysis of the sacral neural crest cell contribution to the hindgut enteric
nervous system in the mouse embryo. Gastroenterology 141, 992–1002.e1–6.
doi: 10.1053/j.gastro.2011.06.002
Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 January 2021 | Volume 8 | Article 629073
Kuil et al. Enteric Neuron Development in Zebrafish
Wang, Z., Du, J., Lam, S. H., Mathavan, S., Matsudaira, P., and Gong, Z. (2010).
Morphological and molecular evidence for functional organization along the
rostrocaudal axis of the adult zebrafish intestine. BMC Genomics 11:392.
doi: 10.1186/1471-2164-11-392
Wiles, T. J., Jemielita, M., Baker, R. P., Schlomann, B. H., Logan, S.
L., Ganz, J., et al. (2016). Host gut motility promotes competitive
exclusion within a model intestinal microbiota. PLoS Biol. 14:e1002517.
doi: 10.1371/journal.pbio.1002517
Zhang, Y., Qin, W., Lu, X., Xu, J., Huang, H., Bai, H., et al. (2017). Programmable
base editing of zebrafish genome using a modified CRISPR-Cas9 system. Nat.
Commun. 8:118. doi: 10.1038/s41467-017-00175-6
Zhao, Y., Ge, X., Yu, H., Kuil, L. E., Alves, M. M., Tian, D., et al. (2020). Inhibition
of ROCK signaling pathway accelerates enteric neural crest cell-based therapy
after transplantation in a rat hypoganglionic model. Neurogastroenterol. Motil.
32:e13895. doi: 10.1111/nmo.13895
Zhou, J., Huang, S., Wang, Z., Huang, J., Xu, L., Tang, X., et al. (2019). Targeting
EZH2 histone methyltransferase activity alleviates experimental intestinal
inflammation. Nat. Commun. 10:2427. doi: 10.1038/s41467-019-10176-2
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2021 Kuil, Chauhan, Cheng, Hofstra and Alves. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 January 2021 | Volume 8 | Article 629073
